Suspensions ofNitrosomonas europaea catalyzed the reductive dehalogenation of the commercial nitrification inhibitor nitrapyrin (2-chloro-6-trichloromethylpyridine). The product of the reaction was identified as 2-chloro-6-dichloromethylpyridine by its mass fragmentation and nuclear magnetic resonance spectra. A small amount of 2-chloro-6-dichloromethylpyridine accumulated during the conversion of nitrapyrin to 6-chloropicolinic acid in an aerated solution in the presence of ammonia (T. Vannelli and A. B. Hooper, Appl. Environ. Microbiol. 58:2321-2325 , 1992 . Nearly stoichiometric conversion of nitrapyrin to 2-chloro-6-dichloromethylpyridine occurred at very low oxygen concentrations and in the presence of hydrazine as a source of electrons. Under these conditions the turnover rate was 0.37 nmol of nitrapyrin per min per mg of protein. Two specific inhibitors of ammonia oxidation, acetylene and allylthiourea, inhibited the rate of the dehalogenation reaction by 80 and 84%, respectively. In the presence of D20, all 2-chloro-6-dichloromethylpyridine produced in the reaction was deuterated at the methyl position. In an oxygenated solution and in the presence of ammonia or hydrazine, cells did not catalyze the oxidation of exogenously added 2-chloro-6-dichloromethylpyridine to 6-chloropicolinic acid. Thus, 2-chloro-6-dichloromethylpyridine is apparently not an intermediate in the aerobic production of 6-chloropicolinic acid from nitrapyrin.
In soils and fresh and saline waters, ammonia is oxidized to nitrite by the chemolithotrophic autotrophic bacterium Nitrosomonas europaea (4) . Ammonia is oxidized to hydroxylamine by ammonia monooxygenase (AMO). Hydroxylamine is oxidized to nitrite by the water-utilizing dehydrogenase hydroxylamine oxidoreductase. In vivo or in vitro, hydroxylamine oxidoreductase is also capable of catalyzing the dehydrogenation of hydrazine to form dinitrogen. During the oxidation of ammonia by Nitrosomonas sp. two electrons from the reaction of hydroxylamine oxidoreductase with hydroxylamine are transferred to a terminal oxidase or, in the presence of low concentrations of oxygen, to a nitrite reductase (12) . Importantly, the other two electrons of the hydroxylamine oxidoreductase reaction are required for the next cycle of the AMO reaction. AMO is also able to react oxidatively with a remarkable range of aliphatic and halogenated compounds (6, 18, 19) although growth is not supported by compounds other than ammonia. The obligatory cosubstrates for these alternate reactions are compounds which yield electrons which can be channelled to AMO. If ammonia is the cosubstrate, these reactions require electrons which originate from the dehydrogenation of hydroxylamine. Generation of the reductant, hydroxylamine, requires the oxidation of ammonia in a reaction that requires dioxygen.
Nitrapyrin (2-chloro-6-trichloromethylpyridine) is an inhibitor of ammonia oxidation (2, 5) , methane oxidation (17) , methanogenesis (13) , sulfate reduction (16) , and denitrification (20) . It is used commercially as an inhibitor of nitrification. Recently, we have shown that nitrapyrin is both an irreversible inhibitor of and a substrate for Nitrosomonas AMO (18) . The product of the reaction is 6-chloropicolinic acid. The reaction takes place in oxygenated solutions and * Corresponding author.
requires the cooxidation of ammonia, hydroxylamine, or hydrazine as a source of electrons. A plausible mechanism for the reaction involves two-electron reductive dechlorination of nitrapyrin followed by a monooxygenase reaction to form 2-chloro-6-hydroxyldichloromethylpyridine. The latter would spontaneously hydrolyze to form 6-chloropicolinic acid.
In this paper we demonstrate that, particularly when the oxygen concentration is low and hydrazine is present, nitrapyrin can also be reductively dehalogenated to 2-chloro-6-dichloromethylpyridine by N. europaea. This is the first demonstration of catalysis of a reductive dechlorination by AMO and opens the possibility that catalysis of other reductive dechlorination reactions by this organism occurs. We present evidence that 2-chloro-6-dichloromethylpyridine is not an intermediate in the oxidative transformation of nitrapyrin; under oxygenated conditions with ammonia, hydroxylamine, or hydrazine as the source of electrons, cells did not catalyze the production of 6-chloropicolinic acid from 2-chloro-6-dichloromethylpyridine.
MATERIALS AND METHODS
Chemicals. Nitrapyrin (90% pure) and [2,6- Response factor of the product. In order to determine the response factor of the product with the electron capture detector, 14C-labeled nitrapyrin was transformed in the standard reaction mixture. Cells were removed by centrifugation at the end of the reaction, and the aqueous phase was assayed by gas chromatography and scintillation counting as described above to establish that most of the nitrapyrin had been utilized. The pentane extract of the aqueous phase was then assayed by gas chromatography and scintillation counting. After correction for a very small amount of nitrapyrin in the pentane fraction, the response factor of the dichloromethyl product was calculated to be 86% of the value for nitrapyrin. All calculations for the concentration of the product were based on this response value.
Gas chromatography, mass spectrometry, and NMR analysis. For identification of their mass spectra, 2-chloro-6-dichloromethylpyridine and 2-chloro-6-deuterodichloromethylpyridine were extracted from experimental solutions into ether. The compounds in the ether extract were assayed with a Kratos model MS25 70-eV electron impact gas chromatograph-mass spectrometer equipped with a type DB-1 capillary column (30 m; 1-jim film thickness; J&W Scientific) at an oven temperature of 150°C. For nuclear magnetic resonance (NMR) analysis the ether fraction was evaporated to dryness, and the products were redissolved in deuterochloroform for analysis with a 300-MHz Nicolet model NT-300 WB superconducting NMR spectrometer.
Experiments with D20. Deuterated buffer solutions were made by adding 2.5 ml of 1 M phosphate buffer (pH 7.5) in H20 to 47.5 ml of 99.9% D20 (final 0 buffer concentration, 50 mM). Hydrazine and cells were then added in nondeuterated solutions, resulting in a final deuterium content of 94%.
Other assays. Experiments to determine production of nitrite and rates of usage of oxygen and inactivation by acetylene were carried out as described previously (1, 7) . For inhibition, allylthiourea was added to a standard reaction mixture as a dimethyl sulfoxide solution (100 mM) to a final concentration of 100 jiM. Protein concentrations were determined by the bicinchoninic acid method (14) . Hydrazine concentrations were determined colorimetrically (15) . 
RESULTS AND DISCUSSION
Cells were incubated for 90 min with 10 jiM nitrapyrin and 1 mM hydrazine in a deaerated solution, and samples were removed every 10 min for gas chromatography and colorimetric analysis. The chromatograms indicated that the area of the nitrapyrin peak decreased at 8.5 min and that the area of a new, unknown peak increased at 5.6 min. After 24 h, all nitrapyrin had disappeared, and the area of the unknown product peak had reached a maximum. At this point the areas of the peak of the unknown product and the original nitrapyrin peak were of the same order of magnitude. Hydrazine loss was essential for the reaction to take place, although the ratio of the amount of hydrazine that was lost to the amount of nitrapyrin that disappeared varied. Cells incubated without an added source of electrons had a very slow rate of nitrapyrin turnover. Neither ammonia nor hydroxylamine supported the reaction in a deaerated solution. However, a small amount of the product was seen during the conversion of nityrapyrin to 6-chloropicolinic acid in an aerated solution in the presence of cells and ammonia, hydroxylamine, or hydrazine. The cells were not inactivated during the transformation of nitrapyrin in the presence of hydrazine in deaerated solutions. This contrasts with the rapid inactivation of cells during aerobic oxidation of nitrapyrin to 6-chloropicolinic acid (18).
Tandem gas chromatography-mass spectroscopy (Fig. 1B) of the product revealed a molecular ion of 195 mle and a natural abundance isotope pattern which indicated that three chlorine atoms were present. Since nitrapyrin has a molecular ion of 231 mle and an isotope pattern which indicates that four chlorine atoms are present (Fig. 1A) postulated that a reductive dehalogenation reaction occurred.
A minor product was also detected in the gas chromatogram by mass spectroscopy; this product had a molecular ion of 161 mle and an isotope pattern which indicated that two chlorine atoms were present (Fig. 1C) . The minor product may have been formed by two successive reductive dehalogenation reactions.
Mass peaks at 112 and 114 mle in the spectrum of either nitrapyrin, the major product, or the minor product indicated that a chioropyridine fragment was present (Fig. 1) . Peaks at 113 and 115 mle in the mass spectra of the major and minor products arose from an unusual rearrangement in the mass spectrometer. Protons on the methyl groups of picolinic compounds are known to migrate to the ring nitrogen (3).
Thus, the peaks at 113 and 115 mle observed with the nitrapyrin products arose from a protonated chloropyridine fragment. The presence of the chloropyridine fragments clearly showed that the chlorine removed from nitrapyrin by N. europaea was from the trichloromethyl group and not from the pyridine ring. Thus, the product was identified as 2-chloro-6-dichloromethylpyridine.
When the reaction was carried out in deuterated solvent (94%), a molecular ion at 196 mle was observed for the product ( Fig. 2A) . The product was deuterated at a level of 95% (i.e., 100% deuterium incorporation). The fragment peaks normally associated with chloropyridine (peaks at 112 and 114 mle) and the protonated chioropyrdine fragment (peaks at 113 and 115 mle) were different in the spectrum of the deuterated product, as expected (Fig. 2A) ; the peaks at 113 and 115 mle were missing, the peak at 114 mle was twice as large, and a new peak at 116 mle was present. This spectrum is explained by the shift, during analysis by mass spectrometry, of the deuterium from the dichloromethyl group to the nitrogen of the pyridine ring (3) . The peaks at 113 and 115 mle were shifted to 114 and 116 mle, thus overlaying the peak at 114 mle from chloropyridine and producing the new peak at 116 mle. These results confirm that the product was 2-chloro-6-trichloromethylpyridine.
To further confirm the location of the dehalogenated carbon atom, a proton NMR experiment was performed with the product of dechlorination of nitrapyrin. The NMR spectrum of nitrapyrin has a doublet at 7 7 .36 ppm (data not shown). Decoupling had no effect on the singlet at 6.66 ppm. These spectral properties were the properties expected from 2-chloro-6-dichloromethylpyridine. If the product was 2-trichloromethylpyridine, the expected proton NMR spectrum would include two doublets and two triplets, each at different chemical shifts. Since the product spectrum is similar to the nitrapyrin spectrum but has an additional singlet peak, the product must have only three ring protons, as 2-chloro-6-dichloromethylpyridine does.
The nitrapyrin obtained from Dow was 90% pure; the remaining 10% included related chlorinated pyridines, including 4,6-dichloro-2-trichloromethylpyridine. This more halogenated form of nitrapyrin appeared in the gas chromatogram as a small peak at 10.9 min and was identified by mass spectroscopy (data not shown). After incubation with cells and hydrazine in the presence of low oxygen concentrations, the peak at 10.9 min disappeared, and a new peak was observed on the gas chromatography-mass spectroscopy chromatogram. The mass spectrum of this product was very similar to the mass spectrum of nitrapyrin. When the reaction experiment was performed with deuterated solvent, the molecular ion of the product shifted from 231 to 232 mle, indicating that deuterium incorporation occurred (Fig. 2B) . Since deuterium is not incorporated into nitrapyrin in an aqueous solution of D20, the incorporation of deuterium into this product could have occurred only during the biologically catalyzed reductive dehalogenation of 4,6-dichloro-2-trichloromethylpyridine. During aerated incubations, this compound and nitrapyrin were previously found to be oxidized by N. europaea to a picolinic acid derivative (18) .
The distribution of the products of the reaction was determined. At the end of a reaction of [14C]nitrapyrin with cells and hydrazine, the label was distributed among the pentane-soluble product (59%), the aqueous layer (32%), and the cells (9%). In this incubation mixture the label in the aqueous layer was 6-chloropicolinic acid produced by the oxidation of nitrapyrin (18) . During some incubations, little or no anaerobic product was observed, although nitrapyrin was degraded. We speculate that not all of the oxygen was removed from the flask before the addition of cells and, in general, that the concentration of 02 may dictate which of the two products predominates. Under low-oxygen conditions, the major product would be 2-chloro-6-dichloromethylpyridine; in the presence of higher oxygen concentrations 6-chloropicolinic acid would predominate. This is similar to the phenomena of reductive dehalogenation and oxidative dehalogenation, respectively, of carbon tetrachloride by microsomal enzyme P450 (11) . As proposed for cytochrome P450, it is possible that in AMO the trichloromethyl group of nitrapyrin binds and is reduced in place of dioxygen. Under aerated conditions, the trichloromethyl group may react with a reduced oxygen species in the active site (18) . The involvement of AMO in the reductive dehalogenation reaction was evaluated by determining the effect of acetylene, a suicide substrate for AMO (7) , and allylthiourea, an inhibitor of the oxidation of ammonia but not hydroxylamine (Fig. 3A) and the formation of product (Fig. 3B ), but consistently did not fully inhibit the rate of the reaction (80% inhibition for acetylene and 84% inhibition for allylthiourea). Importantly, ammonia oxidation was completely inhibited at the concentration of inhibitor used. Full inhibition of the reductive dehalogenation reaction would be expected if AMO was the enzyme catalyzing the reaction. If a protein other than AMO was catalyzing this reaction, specific inhibitors of ammonia oxidation would not be expected to have any effect on the reaction. The incomplete inhibition which we observed might be explained by the binding of the inhibitor either to a different part of the reactive site of the monooxygenase component of AMO, as compared with acetylene or allylthiourea, or to the active site of a separate component of AMO (i.e., a putative AMO reductase component).
It is not known why reductive dechlorination of nitrapyrin by N. europaea in the presence of low oxygen concentrations is observed with hydrazine but not with ammonia or hydroxylamine. A very small amount of 2-chloro-6-dichloromethylpyridine was produced during the oxidation of nitrapyrin to chloropicolinic acid in the presence of hydroxylamine or ammonia in aerated solutions. This indicates that the bacterium-catalyzed reaction does not involve a direct chemical reaction with hydrazine. Since oxygen is required to generate the electron donor, hydroxylamine, from ammonia, it is not surprising that ammonia does not support the reaction in nonaerated solutions. Furthermore, it is possible that when hydroxylamine is used as an electron donor, the resulting nitrite is reduced by the nitrite reductase and thereby competes for electrons with nitrapyrin. Hydrazine, a lower potential reductant than hydroxylamine, may generate the redox potential necessary for the reaction.
Possible transformations of nitrapyrin are shown in Fig. 4 .
Reductive dehalogenation could occur in two one-electron steps (steps A and B) to form the anion of 2-chloro-6-dichloromethylpyridine or in one two-electron step (step D). The anion could then be protonated by either hydrogen or deuterium from the solvent. The intermediate in one-electron reductions is a radical (step A) which could remove a hydrogen radical from membrane lipids to form the product of step C. This phenomenon has been observed in the 
